A variety of enzymes act on peptidoglycan during growth and cell division. Classes of enzymes known as lytic transglycosylases cleave glycan chains between disaccharide units at the same position as lysozyme. The important difference is that lytic transglycosylases create a 1,6-anhydro bond, in contrast to a reducing end created by lysozyme and mutanolysin. Thus the relative abundance of 1,6-anhydro bonds can be used as an approximation of glycan chain length (Ward, 1973) . Different classes of peptidases act at different bonds of the peptide stem and cross-links. For example, D,D-carboxypeptidases will cleave between the fourth and fifth amino acid, while,
amino acid stem. When the monomer is flipped into the periplasm, it is added to the glycan chain by transglycosylation and a portion of the peptide stems are linked together by transpeptidation.
The amino acids comprising the peptide stem can vary by species but are generally attached to muramic acid in the order L-alanine, D-glutamic acid, meso-diaminopimelic acid, D-alanine, D-alanine, with L-lysine taking the place of diaminopimelic acid in some Gram-positives. Cross-linking occurs through the free amine of the third amino acid linking either the third or fourth amino acid directly or through linker amino acids (Schleifer and Kandler, 1972) . Other common modifications include amidation of amino acids (Kato and Strominger, 1968) and O-acetylation (Clarke and Dupont, 1992) or N-deacetylation (Araki et al., 1971) of sugars.
A variety of enzymes act on peptidoglycan during growth and cell division. Classes of enzymes known as lytic transglycosylases cleave glycan chains between disaccharide units at the same position as lysozyme. The important difference is that lytic transglycosylases create a 1,6-anhydro bond, in contrast to a reducing end created by lysozyme and mutanolysin. Thus the relative abundance of 1,6-anhydro bonds can be used as an approximation of glycan chain length (Ward, 1973) L,D-carboxypeptidases will cleave between the third and fourth amino acid (Holtje and Tuomanen, 1991) .
Muropeptide analysis can resolve the different modifications and cross-linking to give a model of the overall structure of the macromolecular peptidoglycan. One of the first observations using HPLC-based peptidoglycan analysis was the discovery that Caulobacter crescentus lacks D,D-carboxypeptidase activity (Markiewicz et al., 1983) . The first comprehensive peptidoglycan analysis was done on Escherichia coli with 80 different muropeptides species identified . This method has also been used to show penicillin-resistance in Neisseria meningitidis is correlated with differences in peptidoglycan structure (Antignac et al., 2003a) .
Interest in peptidoglycan has seen an increase in recent years. Continued bacterial resistance to peptidoglycan-targeting antibiotics created a need for a more complete understanding of peptidoglycan metabolism. The discovery of the human peptidoglycan-recognizing proteins, NOD1 and NOD2 have also led to increased investigations into how host cells recognize peptidoglycan and how they are able to differentiate between commensal and pathogenic bacteria (Clarke and Weiser, 2011 ).
The following method has a number of advantages over other types of peptidoglycan analysis, including ultra-performance liquid chromatography (UPLC)-based methods. The first advantage is that nearly all of the equipment and materials are a standard part of most laboratories, so a large investment is not needed. Second, the almost 30 year history of this protocol allows comparisons with similar chromatograms to be made, allowing for preliminary identification of peptidoglycan fragments to be made quickly, then using mass spectrometry to positively identify fragments that change or are of particular interest. The third advantage is the scale of this method, which yields enough separated growth-phase dependent (Pisabarro et al., 1985) , it is important that all cultures are grown to the same optical density to limit differences due to growth phase. Harvesting cells at a final optical density corresponding to mid-or late-logarithmic growth phase will provide a high yield of cells, while minimizing the chance of harvesting dead or lysed cells.
2. Once cells have reached the desired optical density, chill cultures in an ice bath and transfer to a 500 ml centrifuge bottle. 7. Wash the pellet by adding 10 ml of PB and vortex until the pellet is completely suspended.
Centrifuge in an SS-34 rotor at 45,000 x g for 30 min at 15 °C.
8. Repeat the previous wash step to remove SDS. The residual SDS will cause foaming that will decrease with each wash. Continue washing until there are no more signs of SDS, usually 4 to 6 washes depending on the size of the initial culture.
9.
After the last wash, suspend the pellet in 1 ml PB and transfer to a microcentrifuge tube. (Kuhner et al., 2014) after treatment with pronase.
Note: At this point the sacculi have been isolated from most cellular components not covalently bound. Treatments with α-amylase and pronase are used to remove trapped high-molecular weight glycogen and peptidoglycan-associated proteins, respectively. For Gram-positives, an additional treatment of 1 N HCl is also needed to remove teichoic acids
10. Dilute α-amylase saline suspension to a 1 mg ml -1 working concentration with water. Add 100 µg of α-amylase to each suspended peptidoglycan pellet. Vortex briefly and incubate for 1 h at 37 °C.
11. Dissolve necessary pronase powder to 2 mg ml -1 with water. Add 200 µg of pronase to each suspended peptidoglycan pellet. Vortex briefly and incubate for between 2 h to overnight at 37 °C with agitation.
12. Add sample drop-wise into an Oak Ridge tube containing 10 ml PB with 4% (w/v) SDS placed into a boiling water bath and boil for 30 min.
13. Cap tubes and allow samples to equilibrate to room temperature. 6 www.bio-protocol.org/e2438 immediately before using.
Note: Before handling sodium borohydride read the MSDS for necessary handling precautions.

Avoid contact with skin and note that it reacts violently with water. The sodium borohydride reaction rapidly creates enough hydrogen gas to pop the cap off on a microcentrifuge tube with enough force that the tube will jump and spray your sample over a meter. It is important that the microcentrifuge cap is either secured with a cap lock or left open.
6. Add an equal volume of sodium borohydride solution (0.5 ml) to soluble peptidoglycan samples.
Vortex and then uncap samples in a chemical hood and repeat after 10 min. Sodium borohydride is used to reduce sugars so that each fragment will elute as a single peak. Use a reversed-phase octadecyl silica (ODS) C18 column to separate muropeptides. A column incubator set to 30 °C will ensure a more consistent separation.
2.
Run a blank (buffer only) sample to establish a baseline and ensure that there are no contaminating residual compounds remaining on the column. Clean the column after each run with 100% buffer B for 20 min at 1 ml min -1 , then equilibrate with 100% buffer A for 30 min at 1 ml min -1 before each run.
Note: The retention time of the muropeptides is dependent on the pH of the buffers, the
percentage of solvent, and temperature (Glauner, 1988 spectrometry. The peptidoglycan fragment peaks will separate and form peaks that can be visualized using absorbance at 206 nm ( Figure 3 ).
4. The amounts of each type of peptidoglycan fragment can be quantified by measuring the area under the peak using the software included with your HPLC. . A more gradual gradient can be used to separate peaks containing more than one type of peptidoglycan fragment.
3. As before, run a blank sample to establish a baseline, then run samples and use a fraction collector to collect eluted peptidoglycan fragments. 
